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Introduction
Advanced composite materials have been widely used in the construction of large structures. To help assess the strength of composite components, the test pyramids for composite structures include a large amount of small coupons. To bridge the dimension gap between the laboratory coupons and the full-scale structures, it is necessary to understand size effects. A size effect can be defined as a change in strength with specimen dimensions [1] . Unnotched specimens of continuous fibre reinforced laminates have been extensively tested [2] [3] [4] [5] [6] , emphasizing the volume-scaling effects.
Unnotched quasi-isotropic specimens [3, 6] have also been tested to study the size effects, and free edge delaminations were identified to be one of the potential failure modes [6] . These free edge effects have been previously studied [7] [8] [9] . Free edges can give rise to stress concentrations due to high inter-laminar shear and normal stresses [10] , as well as intra-laminar stresses in 90° plies [7] . In the case of quasi-isotropic laminates, free edge effects could potentially result in free edge delaminations prior to fibre breakage, which may lead to premature failure [6] .
For the purposes of bolted connections, drilling into composites is inevitable. To better understand the phenomena of stress concentrations arising due to the introduction of different sized holes, the strength scaling in open-hole quasi-isotropic laminates under tensile loads has been investigated [11] [12] [13] [14] . The hole diameters of the quasiisotropic open-hole specimens were from 1 mm to about 50 mm. For intermediate sized holes (3. 2 mm to 12.7 mm), sophisticated approaches [12, 15, 16] have been developed.
It has been widely accepted that splits in the 0° plies can cause significant notch blunting [15, 17] , and the magnitude of blunting increases with the split length [18, 19] .
For very large holes (25.4 mm and 50.8 mm), it was found that the stress blunting effect of the 0° splitting is eliminated, and the strength is asymptotic to a Weibull strength scaling line [13] . The implication is that the specimens need to be sufficiently large to be representative of the scaling behaviour at even larger sizes [13] . However, the previous Weibull strength scaling line was drawn through the point representing the largest open-hole specimens [13] , and only its slope was predicted. Very small holes, less than 1 mm-diameter have not been studied before. The present study mainly focuses on the strength scaling in carbon/epoxy laminates with both very small and very large holes and the prediction of the magnitude as well as the scaling trend of the strength.
It has been shown that Weibull strength scaling theory applies for unidirectional (UD) laminates [1] , and for large quasi-isotropic laminates with open holes [13] , with the same Weibull modulus applicable in both cases. The current study demonstrates that the same Weibull strength scaling law also applies to unnotched quasi-isotropic laminates, and shows the relationship to the UD strength and scaling. It also demonstrates how the strength for large specimens with open holes can be predicted from the fundamental UD strength scaling, and how and why the strength of specimens with very small holes approaches the unnotched strength. This paper therefore aims to draw a complete picture of the strength scaling in unidirectional, quasi-isotropic, and notched carbon/epoxy laminates.
In the current study, length-scaled unnotched quasi-isotropic specimens are tested.
Notched specimens with 0.5 mm and 1 mm diameter holes are also tested. The relationship between the unnotched strengths and the open-hole strengths is shown. For very large holes, once the unnotched tensile strength and Weibull modulus are measured from the independent UD laminate tests, the tensile strengths of the quasi-isotropic 4 laminates with large holes can be predicted with a detailed Finite Element (FE) analysis.
For very small holes, it is shown experimentally that the notch sensitivity is largely reduced, and the open-hole tensile strengths of the quasi-isotropic laminates are expected to approach the predicted equivalent unnotched strength. Compared with other approaches, such as the average stress method, no curve fitting is required here. The scaling lines are drawn independently of the test results of the quasi-isotropic laminates.
A good agreement between the predicted strengths and the experimental results is achieved, confirming that the proposed methods are applicable.
Test setup
In the present study, length-scaled unnotched tests are carried out to understand the size effects in quasi-isotropic laminates and the relation with UD strength scaling.
The specimen lengths are scaled up by a factor of 2 and 4 as shown in Table 1 .
Previously, open-hole specimens were tested [11] . A schematic of the specimens (D = 3.2, 6.4, 12.7 and 25.4 mm) with their in-plane dimensions scaled up by up to a factor of 8 is shown in Figure 1 . The hole diameter-to-width ratio was kept constant (0.2) for the previous specimens. A larger Scale 16 open-hole specimens (D = 50.8 mm) was also tested [13] , with only the width and hole diameter of the specimen being scaled up, while the gauge length was kept the same as the one-size-smaller Scale 8 specimen (D = 25.4 mm). This was due to the limitations of the testing and manufacturing facilities. Tests and FE analysis showed that the use of the relatively shorter specimens did not affect the results [13] . In the present study, another two sets of specimens with smaller holes, the Scale 0.5 (D = 0.5 mm) and Scale 1.0 (D = 1.0 mm), are tested. The holes were drilled with 0.5 mm Tungsten Carbide drill bits and 1.0 mm EMCTIALN Carbide TiAlN end mills. Their in-plane dimensions were kept the same as in the previous baseline specimen (D = 3.2 mm), in order to reduce the influence of the free edges on the stress distribution around the hole. The dimensions of all of the specimens are summarized in Table 2 . The hole diameters are consequently scaled up by up to a factor of about 100 from the smallest to the largest specimens.
The material used in all these tests is Hexcel HexPly ® IM7/8552 carbon/epoxy pre-preg with a nominal ply thickness of 0.125 mm. The stacking sequence of all the specimens is quasi-isotropic [45/90/-45/0]4s. The nominal overall thickness is 4 mm, which is very close to the actual specimen thickness. Hydraulic-driven test machines were used to test the specimens under displacement control. Loading rates were scaled with regards to the specimen gauge length. Interrupted tests in which the tests were stopped at 95 % of the average failure load were carried out for some specimens. The specimens from the interrupted tests were examined by X-ray Computed Tomography (CT scanning) to study the damage state close to failure. The samples from the interrupted tests were soaked in a bath of zinc iodide penetrant for 3 days. A Nikon XT H 225ST CT scanner was used. It has proprietary 225 kV microfocus X-ray source equipped with a reflection target, offering a 3 μm focal spot size.
It was previously reported that unnotched quasi-isotropic specimens failed away from the end tabs [6] . However reassessment of the specimens showed that while gross failure occurred in the gauge section, there were transverse cracks and delaminations initiating at the tabs. The glass/epoxy composite end tabs previously used have vertical edges near the carbon/epoxy laminates. Additionally, defects such as voids were present in the epoxy fillets at the corners of the glass/epoxy composite end tabs. Consequently, stress concentrations were introduced to the specimens due to the geometrical discontinuity at the end tabs and the defects within the epoxy fillets. Some transverse 6 surface cracks starting at the end tabs were found by dye penetrant testing (Ardrox 9812) of a previous 32 mm × 120 mm [45/90/-45/0]4s unnotched specimen from an interrupted tests (95 % of the average failure load) as shown in Figure 2 . In order to avoid this, no end tabs were used in the current study, and the specimens were gripped directly in the test machine jaws. The steel grips of the test machine have a very gradual chamfer at the ends, which is designed to reduce gripping stress concentrations.
Experimental results

Previous unnotched tests of UD laminates
Previously, 3D volume-scaled unnotched UD laminates have been tested under tensile loads [6] . The failure of the specimens was dominated by fibre breakage, which can be interpreted by a weakest-link model and Weibull distribution [20] . A significant size effect was found, with a 14 % reduction in unnotched strength of IM7/8552 for an 8 times increase in linear dimensions, corresponding to a Weibull modulus of 41 [6] . The Weibull modulus, and the unnotched strength extracted from these unnotched UD tests will be referred to later in the present study.
Previous open-hole tests of quasi-isotropic laminates
Previously, in-plane scaled open-hole quasi-isotropic laminates have been tested under tensile loads [11, 13] . A significant size effect was found, with a 32 % reduction in notched strength of IM7/8552 for a 16 times increase in linear dimensions. It was also found that for specimens with hole diameters larger than 25.4 mm, the strength is asymptotic to a Weibull strength scaling line for circular holes [13] , with the same Weibull modulus as that extracted from the unnotched UD tests [6] . However, only the slope of the strength scaling line was studied, and the scaling line was drawn through the point representing the largest open-hole test results (D = 50.8 mm). The relation of the notched strength to the unnotched UD parameters as well as the magnitude of the size effects are investigated in the present study.
Length-scaled unnotched tests of quasi-isotropic laminates
In the current study, length-scaled unnotched quasi-isotropic laminates have been tested under tensile loads. All load vs. cross-head displacement responses in the current length-scaled unnotched tests were approximately linear. No obvious damage was seen with the naked eye before final failure. The final failure was catastrophic in all the tests, and the dominant failure mode was fibre failure. The highest load level was taken as the failure load, from which the unnotched strengths were calculated. 8 specimens with gauge length failures of each size were included in the calculation. The unnotched strengths of the length-scaled quasi-isotropic specimens are shown in Table 3 . The Table 3 is extracted from the least squares fit on the log-log plot in The gripping compression suppresses edge delamination within the grips, which can reduce or eliminate premature damage near the end tabs in the current study. As a result, few specimens suffer from failures near the end tabs. All specimens were carefully examined and any tab failures excluded. The unnotched strengths of the tested quasi-isotropic laminates achieved (within 1.5 %) the same value as calculated from the UD tests according to Classical Laminate Theory (CLT) and an appropriately scaled strength for the whole volume of the 0° plies, as shown in Table 3 . Thermal residual stresses would have a small effect on these results, but for simplicity are not included 8 here. The fact that the average unnotched strength of the previous specimens was lower and had larger scatter [6] is because of the transverse surface cracks starting at the end tabs, which were avoided in the current tests.
Weibull modulus in
Small open-hole tests of quasi-isotropic laminates
In the present study, quasi-isotropic laminates with holes of 0.5 mm and 1.0 mm have been tested under tensile loads. All load vs. cross-head displacement responses in the open-hole tests were initially linear, then slightly softened due to subcritical damage.
The final failure was catastrophic in all the tests. The highest load level was taken as the failure load from which the notched strengths were calculated by using the measured full widths and the nominal thickness of the specimens. The open-hole strengths for all sizes including the previous test results are summarized in Table 4 . Because the smaller specimens have a different notch-to-width ratio, the small open-hole strengths are converted to equivalent values for a notch-to-width ratio of 0.2 according to Equation 1 in order to be comparable with the previous specimens. The finite-width correction factor, f(λ), is calculated based on the finite-width corrected Stress Concentration Factor (SCF) from Equation 2 [21] which is strictly accurate only for the elastic range, but is used here to at least partially correct for this effect even though it is small.
where λ is the notch-to-width ratio, σeq is the equivalent strength at λ = 0.2, σλ is the measured strength, KT is the finite-width corrected SCF (when λ = 0.2 for the larger holes, KT = 3.13), and the SCF for infinitely wide specimens is KT ∞ = 3.00. f(λ) remains close to unity, e.g. f(λ) = 1.00 for very small holes and 1.04 for the larger holes.
Results analyses
The unnotched strength of UD laminates was previously found to scale with the volume of specimen, and can be described through the Weibull 
where ơ0 is the characteristic strength of material, and m is the Weibull modulus.
By assuming equal probability of survival, the strength of a specimen ơ1, with stressed volume V1 can be related to the strength of another specimen ơ2, with stressed volume V2, according to Equation 4 .
We can derive ơunit = 3131 MPa, the tensile strength of a unit volume of UD IM7/8552 carbon/epoxy material [15] and a Weibull modulus of m = 41 from volumescaled unnotched UD tests [6] . By using ơunit = 3131 MPa as the characteristic strength and m = 41 as the Weibull modulus of the material, the strength of UD material ơUD with volume VUD is therefore given by Equation 5.
(5)
Relation between UD strength and quasi-isotropic strength
It should be possible to predict the strength of unnotched quasi-isotropic laminates by comparing the main load-carrying 0° ply stress from CLT with the volume adjusted unnotched strength of the 0° plies ơUD. Taking the short-unnotched specimen for example, the volume of the specimen is known, a quarter of which is 0° plies. ơUD = 2644
MPa, calculated according to Equation 5 , which is the volume adjusted strength of the 0° plies. The predicted equivalent strength is therefore ơUD / 2.61 = 1012 MPa, where 2.61 is the ratio between the stress in the 0° plies and that in the whole laminate according to CLT. The measured unnotched strengths from the length-scaled tests are within 1.5 % of the equivalent strengths predicted in this way, as shown in Table 3 . The Weibull modulus extracted from the length-scaled quasi-isotropic tests is 40, almost the same as the value of 41 from the volume-scaled UD tests [6] . This means that fibre breakage in the 0° plies dominates the failure of length-scaled unnotched quasi-isotropic laminates.
In fact, the length-scaling problem is a volume-scaling problem for the unnotched quasi-
isotropic laminates. This finding completes the previous study of size effects in unnotched quasi-isotropic laminates [7] , in which the unnotched tests results were affected by failures near the end tabs, so there were not enough data to draw the same conclusion. As demonstrated in the previous study [13] , the experimental results already start to fall on the notched strength scaling line within the experimental scatter from the Scale 8 specimens onwards. The Scale 8 specimens are therefore believed to be large enough for the prediction of even larger specimens. However this assumption does not affect the results presented in this section since the model does not include any damage, so the stress results will be independent of model size.
Predicting large open-hole strengths assuming no damage
8-node constant-stress solid elements are used with one element through each ply thickness. The FE results were compared with those with two elements through each ply, and they differ by less than 2.0 %. As a result, only one element through each ply thickness is used in all of the following FE analyses. Half of the Scale 8 open-hole specimen is modelled through the specimen thickness. Uniform displacements are applied to one end of the model and the nodes are fixed at the other end. Symmetry boundary conditions are applied at the mid-plane through the specimen thickness. The baseline mesh of the Scale 8 model has a minimum mesh size of about 0.04 mm at the hole edge. The refined mesh transitions to a coarser mesh away from the hole edge. In the FE analyses, material properties are the same for all cases, as shown in Table 5 [15] .
The mass was scaled up by a factor of about 10,000 in all FE models. Dynamic effects were checked to be sufficiently low so as not to affect the results. A -160°C temperature drop is applied before mechanical loading, in order to generate the thermal residual stresses formed during curing.
A failure criterion based on Weibull strength scaling theory has been used to predict fibre failure [22] . The idea is to sum the elemental contributions to the probability of failure as functions of both the volume and the stress level through a 
where σi is the elemental stress, Vi is the volume of the element i, ơunit = 3131 MPa is the tensile strength of unit volume UD material, and σ0 is the characteristic strength of the material, which cancels out. 
Effect of free edges in unnotched model assuming no damage
One possible reason for the above discrepancy between the numerically predicted strength and the experimentally measured strength is free edge effects. 3D free-edge effects on the loading-direction stress distribution are studied in a short (63.5 mm-long) unnotched ply-by-ply linear elastic FE model which is similar to that described in The loading-direction stress distribution across the model width near the free edge is illustrated in Figure 4 . The loading-direction stress decreases in the 0° plies at the free edge by 2.5 %, and increases in the 90° plies by 29 % , which agrees with the trend found in previous literature [7] . This is because the mechanical strain in the loading direction (0° in the current study) in the 90° plies is equal to the total strain minus the strain introduced by the Poisson's effects. Due to Poisson's effects, the 90° plies are compressed across the specimen width, so the 'Poisson's strain' in the loading direction is generally positive in the 90° plies. But at the free edges, 90° plies are free from compression, so the 'Poisson's strain' is zero. Therefore the mechanical strain and associated stress in the loading direction increases at the free edges in the 90° plies, but decreases in the 0° plies. This free edge effect only occurs within about one ply thickness (0.125 mm) from the free edges. Because the stresses within the 0° plies 14 decrease at the free edges, the free edge effects cannot explain the over-prediction of the open-hole strength.
Effect of matrix cracks in the 90° plies on unnotched strength
In the quasi-isotropic specimens, matrix cracking in the 90° plies are commonly observed across the whole specimen width as shown in Figure 5 . This is due to the low transverse strength of the 90° plies. With the presence of 90° matrix cracks, the loadingdirection stress in the 90° plies has to be transferred to the adjacent plies including the 0° plies. This effect is enhanced because the stresses in the 90° plies are increased at the free edges, as demonstrated in Section 4.4.
The 3D ply-by-ply FE modelling in Section 4.4 is therefore updated to take account of the 90° matrix cracks. Cohesive interface elements are pre-defined between adjacent plies to simulate inter-laminar damage. The properties of the cohesive interface elements are shown in Table 6 [15] . The mixed-mode traction displacement relationship for cohesive interface elements is illustrated in Figure 6 [23] . Three open matrix cracks across the full model width are pre-defined within each 90° ply to simulate the matrix cracks emanating from the free edges and their interaction as shown in Figure 7 . The previous short unnotched model had the same gauge length as the short unnotched specimens, but the boundary conditions introduce artificial stress concentrations. It is also not practical to pre-define all the potential 90° matrix cracks along the gauge length.
To resolve the above issues, the current short (63. The detailed 3D FE analysis with 90° matrix cracks across the full model width (minimum mesh size of 0.05 mm) confirms a slight stress concentration near the free edges in the short unnotched specimen as illustrated in Figure 9 . The loading-direction stress in the 0° plies at the free edges is higher by about 4.0 % compared with the background stress in the middle of the model. Because in the unnotched model assuming no damage in Section 4.4 the loading-direction stress in the 0° plies is 2.5 % lower at the free edges than that away from the free edges, the 90° matrix cracks introduce an additional stress concentration of about 6.5 % in the 0° plies at the free edges.
The FE prediction of the unnotched strength of the short quasi-isotropic specimen based on integrating the stresses in the 3D model with uniform matrix crack spacing of 0.8 mm is 987 MPa. This is within 2.5 % of the predicted equivalent unnotched strength of 1012 MPa according to CLT and the whole volume of the 0° plies calculated in The predicted notched strength reduction of about 6.0 % is close to the additional stress concentration of about 6.5 % introduced by the 90° matrix cracks at the free edges in the unnotched model (which effectively corresponds to an infinitely-large hole) in Section 4.5. This indicates that for holes larger than 25.4 mm, the additional stress concentration introduced by the 90° matrix cracks does not depend on the hole size. This is because the free edge effect only affects the elements within roughly one ply thickness (0.125 mm) around the hole, which is relatively small compared to the larger hole diameters. As a result, the stress distribution for larger holes should be similar to that in the Scale 8 model with 90° matrix cracks, justifying the use of this sized model in the current analysis. For small holes, there may be some interaction with the free edge, so the diameter may affect the stress concentration. However, there will be subcritical damage at the hole edge, so the stress concentration will also be affected by the amount of delamination and splitting in other plies, as has already been demonstrated by Hallett et al. [15] .
Scaling of open-hole strengths of quasi-isotropic laminates
The failure of unnotched quasi-isotropic laminates is controlled by defects generally evenly distributed within the whole volume of 0° plies as demonstrated in For very large open-hole specimens, the Weibull strength scaling line in Figure 10 is drawn independently of the notched test results, with its magnitude predicted Figure 10 . This is because delamination from ply cracks is greatly inhibited for large holes [24] , and the subcritical damage such as 0° splitting is almost eliminated. What is more, the additional stress concentration introduced by 90° matrix cracks does not depend on the hole size for very large holes. Consequently, the total stress concentrations are approximately the same for different sized large holes.
For very small open-hole specimens, the stress blunting effect of zero ply splitting is so great that the notched strength is expected to approach the unnotched strength limit as shown in Figure 11 . The upper limit is the predicted equivalent unnotched strength from Section 4.2 with uniform stress distribution and the same volume of 0° plies as the notched specimens. Because the three sets of specimens in Figure 11 share the same overall dimensions as the unnotched specimens, the upper limit is a constant value of 1012 MPa. The unnotched strength limit line is not based on the length-scaled unnotched tests, but derived independently from the volume-scaled UD tests.
Stress blunting effects of 0° splits
The scaling of notch sensitivity can be explained by a unified mechanism, which is the stress blunting effects of the 0° splitting. The stress blunting effects can be quantified by a normalized 0° split length LN, which is defined as the total central 0° split length in both directions at one side of the hole edge divided by the hole diameter. There is splitting in all 0° plies, and the central 0° splitting is chosen as representative.
Delamination was not observed prior to ultimate failure except at surface plies, neither was there any obvious fibre breakage.
The same points in Figure 11 are rearranged with regard to their LN in Figure 12 .
For very large holes (LN→0, the limit is no 0° splits), the stress distribution around the large holes is similar to that without the stress blunting effects of the 0° splits, and the open-hole strength therefore reaches the lower limit of the numerically predicted notched for a circular hole, because the stressed volume at the hole edge is smaller than the volume of the whole specimen. A volume correction factor can be defined as the ratio of the uniform stress over the whole volume of the specimen to the peak stress at the hole edge giving equal probability of survival, and is calculated to be 0.85 by integrating the stress distribution using Equation 7. The calculated SRF of 2.66 is therefore equal to the theoretical SCF of 3.13 times the volume correction factor of 0.85. For very small holes (LN→∞, the limit is infinitely-long 0° splits), the stress concentration affects a decreasing volume and the strength would be expected to approach the limit of the uniformly stressed unnotched specimens. The upper limit of the open-hole strength is therefore the predicted equivalent unnotched strength of 1012 MPa. mm, the notch sensitivity is approximately constant, but the reduction in strength is smaller than the theoretical SCF. This is because the stressed volume of the 0° plies around the hole is smaller than the whole volume of the 0° plies. The Weibull strength scaling line for notched quasi-isotropic laminates which is derived from the UD data and the detailed FE analysis yields quite a good prediction for the 25.4 mm and even larger 50.8 mm open-hole tests. For smaller holes, the stress blunting effect is substantial as the relative split length increases. The strength follows the expected trend towards the limit based on the predicted equivalent unnotched strength according to CLT and the whole volume of the 0° plies. 508.0 † Their in-plane dimensions were kept the same as the previous baseline specimen (D = 3.2 mm); ‡ Only their width and hole diameter of the specimen were scaled up, while the gauge length of the specimen being kept the same as the one-size-smaller Scale 8 specimen (D = 25.4 mm). *Open-hole strengths converted to the values under a notch-to-width ratio λ = 0.2, in order to be consistent with the previous specimens.
Conclusions
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